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We discuss both diffuse cosmic ray neutrinos produced as
secondaries by nucleon and 3°K microwave background collisions and the
flux expected from typical high energy gamma ray sources, specifically

Cygnus X-3. We consider the feasability of detecting these fluxes and

the implications of such observations.
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I. Introduction

The eiistence of ultra-high energy cosmic ray neutrinos may have
important consequences for our understanding of cosmic ray sources and
the behavior of various astrophysical systems. We consider presently
two extremes, the "old" neutrinos that are produced as very energetic
nucleons collide with the microwave background and photoproduce, and the
"new" or prompt neutrinos associated with specific galactic sources, in
particular Cygnus X-3.

The ©0ld neutrinos may be predominantly assocliated with very large
redshift objects such as QSC0's if the cosmic ray activity of these
objects follows the apparent increase 1In luminosity. The neutrinos
arrive by line of sight while the nucleons are undergoing a random walk
on the cluster scale, and thus the neutrino spectrum may contaln
important information about the early phase of galactic evolution. Here
we revieﬁ the recent results of the Fly's Efe experimenf that suggest
the existence of the Greisen cut#off and consider the detectability of-
the associated neutrines in this brighﬁ phase model, as previously
discussed by Hill, Schramm, and Walker.(T’ZJ

The possibility of detecting a point source of >Tev neutrinos in
underground proton decay detector has stimulated a great deal of
excitement in the past yearf Several groups have calculated the
neutrino flux and resultant muon event rates in large underground
detectors that can be expected from a class of Tev gamma-ray sourcesf(3)
In Section III we discuss the explicit calculations found in the
analysis of Kolb, Turner, and Walker(n) for the X-ray binary system

Cygnus X+3.



I1. Implications of the Greisen Cut-off

Recently the Fly's Eye experiment has presented data on the
ultra-high energy cosmic ray spectrum(u*s) in which there i{s strong
evidence of a spectral flattening above 10T9ev from a differential index
of 2.9“1102 to 2f421f27' Above 7x1019ev there is evidence of a cut-off.
Though it 1s true that the detector acceptance is energy dependent and,
of course, this data consists of only 62 events, ncnetheless this
structure survives numerocus experimental self~consistency checks (for
example, the shape remains iIf cuts with range from the center of the
detector are made on the data). It should be noted that, except for the
last few highest energy bins, the Fly's Eye results are in general
accord with those of Haverah Park,

As is well known, shortly after the discovery of the 2.79%
microwave background radiation, Greisen(e) and independently Kuzmin and_
Zatsepin(T) remarked that above energies of order 7x1019ev thé
intergalactic medium must become opaque to protons on scales of tens of
Mpes, due to photomeson production. Stecker, Berezinsky and others(a)
gave the first accounts of this mechanism using experimental laboratory
data. Nonetheless, there has not been incontrovertible evidence for the
Greisen-Zatsepin cut~off wuntil the Fly's Eye's new results. The
implication of this is then striking: the UHE cosmic rays must be
extrargalactic and have traversed at least a few interaction lengths
(~20 Mpc)f

Previcus analyses were essentially "zeroth moment" approximations
to the actual trahsport evolution of the spectrum in traversing the
microwave backgroundf In the past two years we undertook a much more

detailed analysis involving the direct integration of the photomeson



production Ginzburg~Syrovatsky equationfj). We were surprised to see
several new effects appropos an ET25 injection spectrum. We note (i)
the rececil protons are not thrown to arbitrarily small energies but
rather accumulate Iimmediately below the cut-off in a range of order
3x10?9ev to 6x1019%v; (ii) with much greater range (exceeding 100Mpe)
there onsets a dip at ?O?gev due to the peaking of energy losses due to
ete” pair production (this analysis was based upon Blumenthal(g)). (1i1)
By 3000 Mpc (the Hubble range) the spectrum cuttoff has fallen to
~1019%v.

The observed bump in the Fly's Eye data cannot be interpreted as
the recoil proton pile up of the E"3f0 spectrum. This follows simply by
considering the total number of events above 1019ev which is 62 compared
to -~80 expected for an Eﬁ3fo pile~up. Thus cone is seeing one of two
possible phenomena: (i) the emergehce of a flatter extrargalactic
component which is crossing over the steeper, presu@&bly galactice Eh3f0
spectrum seen below 1019ev or (i1} the pile~up of an arbitrary injection
spectrum above E-1020ev, e.gf a monoenergetic apike of a sufficiently
distant object after several interaction lengths can produce this
structure.

It 1s reasonable that up to energies of order 10?9ev we are seeing
primarily a galactic spectrum, possibly Fetgroup rich, which is governed
by an injection spectrum and a diffusion trapping time which 1is energy

—Yi

dependent. Thus the observed galactic spectrum would follow an E t(E)

shape and for the sake of argument we shall assume Yi=2.5 and t(E)-E'fS.

The spectrum outside the galaxy ls not trapped, but is essentially line
of sight {or "trapped" on a scale of the age of sources or age of the

rY
Universe} and will therefore have the form E i. Thus at some energy we



may expect a crossover from the steeper galactic spectrum to the flatter
extragalactic one.

Assuming all galaxies are roughly equivalent to our own, that an
extra-galactic crossover occurs at 1019ev, and that contributing sources
range out to some distance L, we may estlimate Lf We take for the
normalization of the universal injection spectrum the observed CR
gpectrum at 1016ev. Then, for an ideallized disk structure of our galaxy
{the solar system on the periphery) we obtain the local flux:

¥y

{ .
Ji, = wdpgng (E/E) (EO/E)

5 (1)

where p is the galactic source density, n

3 is the activity per source

3
(particles/time), d the width of the galaxy and.w a geometric factor of
order unity. The sum over extragalactic sources to distance L then

gives:

L 2 Ty
Jg =f pgng (TR°ddp; (E/E) = dl
0

(2)
> Ty
Pgngpgl (wR d)(EO/E)

where Pg is the density of galaxies (-.03/Hp03). and R the galactic

radius {~10kpc). Thus, equating these fluxes at 101 %y gives L:

L ~ m/(ﬂﬂsz) (EO/E!)fS (3)



where E' s ‘10198Vf If we assume Y;=2.5 then L is of order 100 Mpe.
This correspénds to between 15 and 20 interaction lengths (i.1.; 14i.1.
= 6Mpc)f We emphasize that this model will have the dominant
contribution due to sources at L. Thus, superimposing the 15 to 20 i.1.
curves upon an E”3-9 spectrum gives the composite seen in Fig.(1).

In this model we have assumed that the dominant contribution below
1019ev is given by relatively local extragalactic sources. In ref,.(5)
we assumed the dominant contribution below 1019ev is given by distant,
large redshift sources. In the latter case we predicted a dip should
occur at 101%v because such distant sources would be cut~off at that
energy and the cross-over energy is emphasized (it may be possible to
consider other linear combinations in which the dip would be reduced)f
Evidence from the Fly's Eye with relatively good statistics does not
indicate a dip; we therefore believe that Hillas-Blumenthal models 1in
which the spectrum below 1019ev 7is large red-shift cosmeclogical in
origin are disf‘avoredT

We emphasize that the pile-up structure can alsc be due to an
arbitrary initial injection spectrum, such as a delta-funetion "apike®
above ~10209v. accumulating below the cuthoff(1'10).

The composite spectrum of Figf(T) is in good agreement with the
Fly's Eye data for the simple model considered. L is a typical scale
for the local superclustert The abundance should swing from a galactic
composition below 1019ev to a principally proton rich spectrum at the
peak of the bump. This prediction would seem to be universally true for
even an iron rich injection spectrum. The anisotropy would seem to be
associated with the local supercluster 1in this model. It 1is very

difficult in any model with a Greisen cut-off to understand a galactic



assoclated anisotropy to our knowledge (it would be of considerable
interest té consider local steering of an incoming extra~galactic
spectrum; evidently some anisotropy of the extragalactic spectrum would
be required)f

If the Fly's Eye bump above 10Tg eV iz a bare measurement of the
extragalactic cosmic ray component, it can be used to calculate the flux
of ultra-high energy neutrinos necessarily arising from the photomeson
production causing such a feature7 The cosmic ray spectrum measured by

Fly's Eye above 1019 eV is best fit by a power law of the form:

2 1 1

a =34:17 Eev km Zsp- yro
-

Jo(E) = a (B) T (4)

Yi = 2,4710.27
with a cut-off above 7x1019 eV. The resultant integrated 'extragalactic
flux above 1018 eV is then:

-1

1,108 e¥) = asty-1) - 23.9+12.8 Kkn"Zsryr (5)

Following the analysis of ref.(5), the minimum neutrino flux

associated with these cosmic rays is:
121050y /1. (310 8ev) = c(v ,E }/2 (6)
Vo NV i*"o

and:

Jﬁi"(E) - (2.0ux107" IN(>1018eV)) Jﬁi"(E) (n

e



where c(Y, E)) - 4.35x1073 for Y;=2.5 and the differential neutrino

spectrum, j,(E}, is shown in Fig.(3). Combining Egs. (5)}-(7)} we have

for the minimum neutrino flux:

mings108ev) = (52.1£27.921073 Kk 2sr T yr” (8)
e
and:
Jmingg) - (4.9+2.6)x1073 Jginfz) (9)
. .

We say "minimum" because we have not yet scaled the flux by a Tactor
RH/L which takes into account the fact that we see neutrinos from
photomeson production at Hubble length scales while only sampling cosmic
rays originating from the scale L. For the same reason, -there can be an
enhancement of the neutrino spectrum relative to the cosmic ray spectrum
due to bright phase scenarios of galactic evolution.

We envision two possible methods for the detection of such an
ultra-high energy neutrino flux. An EAS detector, like the Fly's Eye,
would look for upward golng air showers produced by these neutrinos
after passing thru the earth, while the DUMAND detector could see these

014

neutrinos as contained interactions in 1} cm3 of sea water.

In both cases, the event rate is given by:
=1
ryr™) = J 3, (BMAeggP(E) S(E,B) dE an (10)

Here Aeff is the effective cross sectional area the detection regicn

presents to incoming neutrinos (~102km2 for Fly's Eye and -~0.1 km? for



DUMAND}, P(E) is the probability that a neutrino passing the detection

reglon interacts with a nucleon:

-6 2
RepeP(E) = Agpp<lyge>/Lyy =~ 10 7 0gy(E) km (11)

for both Fly 's Eye and DUMAND (here <Ldet,> is the average linear
dimension of the detection region (m.w.e.), LuN - 103/0314 m.w.e., and we

_ A3 2 o 2
have taken 03y = 0/107°"em lnETer For  s>> My

(Ev >> MHE/ZmN ~ 3.6 TeV), the total vN cross section is given by:

62 . E
OUN = O5N = (EE)MZI_J 1n(%-§) ~ (6:«10 35)111 (3.gTeV>°m2 (12)

which for the EeV energies considered here has the apbrbximate value

3 2

oON Txlob cm™. S(E,ﬁ) is a factor which accounts for shadowing of

the neutrino flux by the earth:
S(E,R) = ok =« eme(B)eos(®); g(g) « .30, (k) (13)

where L is the slanf depth of the incoming neutrino and 6 is the angle
between L and detector zenith. Integration of S over the earth
(assuming -2m detector coverage) yields a factor 2r{1~e"®)/a. The upward

and downward (S=1) rates are given by:

E
(2x1072) I J, (E) (1-e"%) dE {upward)
‘ E o ,
riyr™ ') = ° (14)
w E '
(6x10 6) J J, (E) 034(E) dE {downward)
E e

O
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the upward rate corresponding to Fly's Eye and the sum of downward and
upward rates corresponding to DUMAND.
In accordance with Fig.(2), we approximate the bright phase

neutrino spectra as

JBP(E) - aBP(z) o2iN(E)/E3 (15)
e e
where the bright phase normalization, ABP(E), takes values of -102, 10”,
and 10° for 7 - 2, 4, and 7 respectively, and jﬂin(E) is taken to be a
e
step function in energy (the larger Z calculations are normalized at

2x1017ev). With these approximations, the interaction rates take the

following form:

Minimum ' Bright Phase
-5 -7,BP,=, Fe (1re™%)
2x107°1 (E,) ; 107 1A% (2) J® =L 4E (upward)
: E! E3
0
riyr” 1y = (16)

. S - ~ B
8.4x10’5[IV(E)+3.6x10 i E dE]; 3x1078aBP(Z)x [, 034 (E) aE/E3 (downward)
- 0 - 0
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In Table I we give a compilation of these rates. In calculating
the bright phase rates we have taken into account that Aerf decreases by
a factor of ~70 when Eé is taken to be 2x1017ev. We see that, in most
cases, the yearly rate of Fly's Eye bump neutrinc interactions is not
observable, but the rates can be brought into the observable regime by
including galactic evolution effects with the epoch of maximum activity
oceurring at Z>6 along with extending the incoming neutrino energies
down to 2x1017ev. We point out that the event rates listed are somewhat
uncertain but that this "bright phase threshold" is accurate to z+l1. In
addition there is an upper bound to z from the diffuse X-ray background
at £ ~ 7 for the }/E3 bright phase spectraf

Presently we comment upon the astrophysical implications of
detectable neutrinos as described by these modelsf The validity of
"bright phase" models may well rest with the-determinatign of the shape
and evolution of the luminééity function for quasars (QS0's) and the
epoch of galaxy formation. If extragalactic cosmic ray (EGCR)
production 1is assocclated with active galactic nuclei (AGN) then one
would expect large z enhancements in EGCR fluxes to be reflected in the
evolution of the average co-moving luminosity of young QS0's. There is
some evidence that although the total number of Q30's per coMmoving
volume decreases with Increasing 2(11), the increase in the number of

(10)

bright QSO's is such that <L> Increases with increasing =z

co-moving

We should point out that limits on the X®ray production of young QS0's

indicate a cut~off {n the increase of <L> at a z, ~5(12).

co-moving of

ax
However, one might also expect enhancements in EGCR production during

the epoch of galaxy formation. Optical searches designed to 1look for

the continuum emission from these primeval galaxies {large redshift
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galaxies in the throes of initial star formation) indicate galaxy
formation occuring at z > 5(?3). In any case the observation of a flux
of 10 EeV neutrinos would be an 1Indication of robust cosmic ray
producticn in the past and could possibly open a new window to the early

history of galactic evolution.

III. (a) The Cygnus ¥X=3 System

The Cyg X-3 system is a very robust source of radio, infrared,
X~rays, medium energy (ME) Y-rays (~100 MeV}, and ultra-high energy
(UHE) Y-rays (> TeV) photons. A 4.8" period is observed in all but the
radic emission and appears to be assoclated with the orbital period of a
binary system, thought to consist of a young pulsar and ~iM

®
(1&,15) Eclipsing of the pulsar by the companion is belleved

companion.

to be responsible for the observed periodicity (see Fig. 3).
Char#cﬁeristics of the light curves from Cyg X=3 allow c¢ne to

construct wodels of the system. The Xrray light curve does not contaln

a zero flux minimum but instead 1s smoothed to a sinusoid.(1")

The
absence of a complete Xe=ray eclipse can be understood if the binary
system is shrouded by a cocoon of optical depth unity for X-rays, which
scatters X-rays originating from the pulsar during eclipse.(16’17)
ME Y-rays from the pulsar pass directly through the cocoon without being
scattered, resulting in the zero flux minimum (centered about Xtray
minimum which we take to occur at phase ¢ = 0) observed by Lamb
et al.(18) a2t -100 MeV. The duration of the eclipse (Ay ¥ 40%) and the

orbital period establishes an upper limit for the companion mass of MMQ,

assuming a 1.‘4Ma pulsar.
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Although the UHE Y~ray light curve exhibits a H.Bh perlod, it 1s
much different in atructure than those observed in IR, X-ray, and
ME Y~-ray, suggesting a different mechanism for the UHE photon
production. The UHE Y-ray light curve seems to show 2 pulses, occurring
just before and jJust after Xrray minimum separated by 0.4 in phase, and
having a width Ay < 0.05. The mean UHE Y-ray flux above 2 TeV in the
pulses is ~1037erg/sec(19'21). In addition, a 4.8D periodic signal from
Cyg X-3 has been detected in the energy range 2x10'5 to 2x1016ev by
Samorski and Stamm3< and Lloyd—-Evans g&gl;?z. Their data, combined with
lower energy measurements, can be fit by a power law spectrum:

=10 =2.1 p=2 geo™! a7)
TeV

dN, /dEq.y #* 3x10
for the average photon flux. The uncertainty in the slope is 2% and in
the normalization a factor of 2. Aasuming 1isotropic emission and a
distance of 12 kpc,(jo) the luminosity of Cyg X-3 above 1 GeV is

~1038 erg sec” !

, making it the brightest Y-ray point source in the
galaxy.

Vestrand and Eichler(TS) have proposed the following model for the
UHE 7Y-ray flux from Cyg X-3. The pulsar is a source of UHE protons
which collide with the companion star, producing 1%'s  whose subsequent
decays lead to UHE photons. If the region of neutral w production is
optically thin to TeV photons, they can pass through the companion and
are observed. Only for a small fraction of the orbital phase, around
the time that line~of~sight to the pulsar just grazes the companion star

(v F ¢ 0.25)(11), are both of these conditions metr-sufficient material

to produce 7%'s and optical depth from the production site to the
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observer of less than order unity, thereby accounting for the twe narrow
UHE ¥ ray pulses which are observedf

In addition to making °'s, pN interactions in the companion will
also produce m¥'s  whose decays result {n a vu flux from the
system.(15'25) In this paper we will discuss the characteristics of the
neutrino flux from Cyg X~3 and the possibility of detecting these

neutrinos in large, underground detectors.(EG)

(b) High Energy Neutrinoc Production in Cyg X&3

In this section we use the UHE photon speetrum to calculate the
spectrum and phase diagram of the neutrinos that also must be produced.
The origin and spectrum of the incident proton beam is irrelevant for
our purposes. We need only assume that 7%, »* and n" are produced in
‘equal numbers.

If the UHE y~rays originate from a scurce spectrum of the form

ds, (E,)

- Tt
€ " AE (18)

and are produced by 7° decays, then the n° source spectrum is inferred

to be

dsﬂo(Eﬂ)

dE
w

= a 2r2g™n (19)

where the factors of 2 come from counting 2 photons of energy Eﬂ/z from

each 7° decay. There should also be nt's and 17's produced in numbers
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comparable to 7°, and dS{n*+1")/dE = 2dS_o/dE.

The =t decays will produce neutrinos with an energy that depends
upon whether the ni's decay in flight, or interact before decay. For
the moment we will assume the wi‘'s decay in flight, and later we will
discuss the conditions under which the ni's interact before decay. K
mesons will also be produced by the proton interactions, however at only
about 10% of the rate at which w%'s are produced. Their decays will
also produce vu's_

The decay of a 1t in flight produces a neutrinc of energy Ev =

E“(1amﬁ/m§)/2. which leads tc a neutrino source spectrum of(27)

2, 2yn-1
dSU(EU) ) (1 mu/mu) dSY(ET)

dEv 2 dEY _

(20)

In order to relate the source spectrum to the observed number
spectrum It 1Is necessary to propagate the source spectrum through the
companion star. The absorption of the Y's and v's by the star depends
upon the column density material encountered by the Y or v traversing
the star, which in turn depends upon the phase w_(zu)

The photons can only traverse the star when the source is near
phase ¢y £ + 0725' Since the YN cross section at high energies is roughly
energy independent, the relative Iintensity of the UHE photon flux should
be energy lndependent, and appear only at phase ¢ £ + 0.25. The UHE
photona are detected for a total phase of (A-p)T = 0.05. Although a
normal stellar model would result in (Aw)Y at least a factor of 70

smaller, the companion star in this system is expected to be
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aignificantly altered by the compact object.(TSJ which can easily
account for.the large (Aw)y,

Due to their weak interaction cross section neutrinos more easily
traverse the starf However, very energetic neutrincs are not able to
traverse the star around phase =0, and the phase diagram for UHE
neutrincs will also show an eclipsef Unlike the photons, the neutrino
cross section is energy dependent, and the phase diagram (or ‘'light
curve') for neutrinos will reflect this energy dependence.

The incident neutrino beam 1s reduced while traversing the star by
a factor of exp(-fon(x)dx), where ¢ is the total cross section for muon
production, qu + uX and n Is the number density of nucleonsf At
energies below about 100 TeV, the cross section increases linearly with
energy, and above 100 TeV the eross section increases only

logarthmically, due to the effect of the W+boson propagator,(ee)

o = 7x10_36ETev em? E < 100 TeV (2ta)

o = 1.2x10"Mn B ca®  E2 100 TeV (21b)
At energles below 100 TeV the antineutrino cross section is one half
this value, while at energies above 100 TeV the two cross sections are
roughly equal. We estimate In(x)dx by assuming that the companiqn star
has a radius of R = 2 Ry, a central density of 30 g em™3, and a density
profile given by: op(r) == p_ exp(-12r/R). We find that neutrino
absorption 1is more sensitive to the central density than to the
parameterization of the density profilef Although a central densityr of

3 (29)

30 g cm” may be reasonable for a normal HMO main sequénce star, the
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structure of a My star with a companion neutron star orbiting at a
diastance ofi order 1its radius may well be quite different. We have
calculated neutrino absorption with different central densities (and the
results are qualitatively similar). In principle the absorption also
depends upon the mass of the companion; for normal main sequence stars
the density profiles are rather similar, i.e., a function of r/R and the
central density only, and R « MOfG_ This implies that In(x)dx « Mofz is
rather insensitive to the mass of the star.

The effect of absorption of neutrinos is shown in Figure 4. At
energies above 100 TeV, the absorption cross section is relatively
energy independent, so all energiles above 100 TeV will have the same
phase structure for the relative intensity. The predicted neutrino
'light curves' are shown in Fig. 5.

We now return to the question of whether or not the K's and r's
decay in flightf The decay d}Stanee (AD) of 7i's and Ki's in the star

frame is

6
(Yet) + = 5.3x107Ey y cm (22)

5
(YCT)Ki = 7.5x10 ETev cm

The cross section for {wv,XK) interaction is 0y F 3xTOF26 cm2 at high

energies (2 TeV) and so the interaction distance is

Ay = (nop™" = Ex10T7p ¢ om (23)

6

where p_c = p/10 °cn"3. Since the decay length is less than the scale

height for density change in the star we have assumed a conatant density
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in Eq. (23).(30)
There will be a cutoff energy, above which mesons will interact
before decaying. We estimate this energy by setting 3 iI = Ap. This

critical energy is given by

E = 300/p_; TeV (xt)
c 6 (24)
R 30/p,_¢ TeV (rt) .

Therefore the source function for neutrinos produced by K's and rn's
should be cut off at an energy of the order of Ec = 1oo/p_6 TeV. The
cutoff energy is most sensitive to the dedsity in the envelope of the
star. By detection of E_ it is possible to gain information about the
density in the envelope. In addition to w's and K's, charm and other
heavy flavors will be produced. The lifetimes of D and F charmed mesons
are less than 10'12 seconds, and the; will decay 'promptly' and produce
neutrinos before interactingf At energies greater than Ec the neutrinoc
flux will be due to 'prompt decays' (as in a ‘beam <dump' type
experiment)f However the efficiency for charm and heavy flavor
production is expected to be ?0’2 to ?0’3 that of =,k production.
Therefore above Ec the flux of neutrinos will be suppressed by ?02’1037
Some fraction of the #'s and K's initially more energetic than Ec
will interact and have their energy degraded to less than Ec before they
decay or are absorbed. Once the energy of a v or K has been reduced to
the order of Ec it will on average decay before interacting again. Thus
we expect some 'piling up' of those mw's and K's initially more energetic

than Ec at an energy = E in turn leading to more decay neutrincs of

e’

energy Ec' If the initial spectrum of w's and K's decreases with energy
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this will be a small effect (at most order unity). However, if the
initial spectrum of n's and K's 1Is approximately monoenergetic this
could be a very important effectr~as we will discuss in the next

section.

We can now relate dN /dE to dN,/dE. Using the observed photon
spectrum from Eq. (17), we infer the phase~averaged neutrino spectrum

(for E £ Eg).

2, 241.1
an, e’ an, oy
dErey 2 (A9)y dEqgy

(25)

Although (Aw)v is energy dependent, (mp)v & 0.4 is a good approximation

for all energies. Therefore

=10 g ~2.1

dN,/dEpey F 4x10 7 Epy

cm_as#? (E < E) (26)

and about 102&103 times smaller for E > E We note that the

o
normalization of the predicted neutrino spectrum is uncertain by at
least a factor of order 10, due to uncertainties in Awy, the photon
spectrum, and the possibility of some absorption of UHE photons even
during the bright phase. [In fact it is very likely that there is some

photon absorption, since a column density of order 60 gcm-2 i3 needed to

produce pions, while a column density of only about 20 gcm"2

is needed
for UHE photons to be absorbed.] In the next section we use this result

to calculate count rates in large, underground detectors.



20

(¢) Prospects for Detection in Large, Underground Detectors

Consider a large (of the order of 1000 m3), underground (distance d
below the surface) detector, shown schematically in Fig. 6, For
example, the IME proton decay deteotor(31) 1s 23m x 18m x 17m and 1500
m.w.e. below ground. Such a detector can detect neutrinos which:
{1} interact within the detector or (2) produce muons in the surrounding
rock which have sufficient energy to get to and pass through the
detectorf We will call the first type of event a 'contained' event and
the second type of event a 'muon' event.

The probability that a neutrino which is passing through the

detector interacts In the detector is

PAE) #no & , (27
= ~9
= 4x10 Li0Erey (E £ 100 TeV), .
-8 - -
= Tx10° "L, 080 Ep oy (E 2 100 TeV) ,

where L = 2., 10 m is the typical (water equivalent) linear dimension of

the detector,(32) ¢ is the cross section for vu+N+u_+X [see Eq. (21)]
and n = 6x1023 cm™3 is the number density of target nuclei.

Relativistic muons 1lose energy at the rate (per cm water
equivalent)(33)

~dE/dx F 1.9x1076Tev en™! + 4x1070 ™! E (28)

Integrating this we find that the range of a relativistic muon is

L(E) = 3x10%cm An(142E /TeV)



21

(29)

# 5x10%0m E /TeV (E, < 1 TeV)

which rises linearly with energy up to an energy of about a TeV and only
logarithmically thereafter. Muons produced within a distance L(Eu) of
the detector will have sufficient energy to make it to the detector.
Thus the effective linear size of the detector for muon type events Iis

L(Eu). Of course, this size can be no larger than the distance from the

detector to the earth's surface x (see Fig. 6). The probability that a

neutrino of energy ETeV TeV interacts in the rock outside the detector

and produces a muon which passes through the detector is

eV

E
T
PulBrey) = [o ~ n 0(E )L(E )F(E )dE, , (30)

F 1 .x‘lO'_GETev[gn( 14Epe )]
where f(Eu)dEu is the probability that the muon produced has an energy
between Eu and Eu+dEuf For simplicity we have assumed that the typical
muon energy is about equal to half that of the incident neutrino.(3")
Notice that the ratio Pu/Pc increases with energy, and for neutrinos
more energetic than a few L., GeV the effective size of the detector for
muon events is larger than that for contained events. Thus if the
neutrinos are predominantly very high energy (> TeV) the contained type
events should be raref'

The event rate in the detector is given in terms of the neutrino

spectrum de/dE and the probability P(E) that a neutrino of energy E

interacts:
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[y = Area x [ P{(E) dN /dE d¢E (31)

where 'Area' (s the cross sectional area presented by the detector. We
assume a differential spectrum of the form: de/dE = A Engf For a
spectral index n < 3 the muon events are dominated by the highest energy
events. The integral in qu {31) 1is cutoff by the logarithmic
dependence of L(E) for E > few TeV, or the cutoff in the spectrum

discussed in the previous section, Ec' if Ec is less than a few TeV:

-6 ~n+1
I, = Area x A x 1.x10 [ E Ln(1+E; IdEqoy
TeV
= frea x A x 1.x107% « [ (u=1)""*! ¢n u du (32)

where u = 1 + ETeV' The dimensionlésé integral in Eqnf'(32) has the
values 200, 20, 14, 5., 4.5 for n = 1.5, 2, 2.1;-2.5, 2.75. Half the
contribution to the integral comes froh neutrine events with energies
between 3~100 TeV.

The contained events on the other hand are dominated by the low

energy events (as long as n > 2):

I'c & Area x 2.10 x A x ‘-Ix‘lo‘-g .r E;:: dETeV’ (33)

* Area x L, x A « ¥x10"9 103(""2) (Emin/GeV)’"+2,

where E , 1is the larger of the detector threshold and the low energy
cutoff in the neutrino spectrum. The ratic of the two types of events

is given by
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2=n ¢~} ~1)-n+1 n-2
T, /T, = 4000 (1000)°™" &7 [fCum1)™"  en u/101(E , /cev)™™e.  (34)

For the neutrino spectrum derived from the high energy photon
spectrum (A 7 U4 «x 10’10cmh25ec'1 and n = 2.1) and a detector cross
section of order Iix100 cm? the predicted event rate for the muon events

is

I‘u 3 x 10*8 (Area/uxjoscmz)ﬂz , (35)
or about 1 event per year. BRecall that the normalization A could easily
be larger by a factor of 10 due to uncertainties in the photon flux, the
photon duty c¢ycle, or photon absorption.

Thig event rate should be compared to the muon background due to
cosmic ray fnteractions;in the atmosphere. Using a measured integraﬁed

muon flux at the Earth's surface of:

N (>E) - 1077 E2 o2 sr'! sec™t, (36)

we show the estimated muon background as a function of zenith angle (or

slant depth d3 = d/ 3 km we) 1in Fig. (7). For IMB this rate 1is

approximately:

ar/de ~ 5x107% /(exp(0.5/cos(Y))*1)2 Hz deg™@ . (37)
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The zenith angle of Cygnus X~3 varies between 68§ and 180°-(8+§)
with the sidereal period, where 6§ # 40.8° {s the declination of Cygnus
and & is the latitude of the detector. For IMB & 1s H41.5°N so0 that
Cygnus X-3 only gets about 8° below the horizon.(36) As far as
background goes the deeper, more southern detectors such as the Kolar
Gold Field (e=12°N) and the Case-Wit~Irvine mine (6F26.5°S) are much
better offf

For completeness, consider the possibility that the neutrino
spectrum is steeper than g~3

, in which case both the 'contained' and

'muon' events are dominated by the low energy neutrinos.

I, % Area x A x 3:10'9(Em1n/ceV)’"*3 103(n=2) s (n-3) (38)

~9 rn+2, ~3(n-2) _
To F Area x A x Ryohx10 (Emin/GeV) 1072 /(n-2). (39)

In this case the two rates are comparable, and the signal is unlikely to
be detectable unless the flux of GeV  neutrinos is many
ordersrof=magnitude greater than that of the photons, which in turn
would imply an energy output 1in neutrinos much greater than
1038ergs sec’?. We should emphasize this point; since the probability
for a neutrino to produce a 'muon' event varies elther as E2 {for
E < few TeV) or as ELn{E) (for E > few TeV) and the neutrino luminosity
only varies linearly with neutrino energy, the power required to produce
a given event rate in the detector decreases with neutrinc energy.
Finally, consider the Hillas model37 where the observed photon flux
ia due to the electromagnetic shower produced by a mono~energetic beam

1

of 105TeV protons with luminosity of #103%rg sec™' which hits the
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companion starf In this model we would expect an approximately
monorenergetic flux of neutrines of energy a few x 10”TeV, assuming that
Ec is greater than 10” TeV. Assuming that about }0% of the beam energy
goes into neutrinos of average energy 104 TeV, the resulting neutrino

flux is:

N\J E (1/10) 103987‘8 sec"? ((Eu>:TouTe\I)"1(u"r2)F‘.l

(40)
F 10"12¢cq72g ]
Such a flux produces a muon event rate of
I =102 He (Areastx10%cm?), (41)

H

More likely is the case that Ec < 104TeV, s0 that the flux of
jouTeV neutrinos is due to 'prompt' charm and heavy flavor decays and 1s
a factor of 100~1000 smaller than the above estimate, resulting in an
event rate which Iis 1072~1073 of the above estimate. However, due to
the fact that some reasonable fraction of the w's and K's that are
produced will interact and lose energy until E < Ec and they can decay
in flight, a significant fraction, £ = 1071-1072, of the 1032 erg sec”!
shoﬁld come out in neutrinos of energy of the order of EC (the pile up

effect we discussed in the previous section). In this case

Nv Ff x 1039erg sec’? x (Ec)"j(ﬂnrz)"1

£ 10'9(f/10*?)(E0/10TeV)”? em™2 sec” . (42)
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This leads to a 'muon' event rate of

—1
1]

Area x Nv x Pu(Ec)

10”74z (Areas4x108cm?) (£/1077) «x Ln(1+E_/10TeV) (43)

Note that for E > few TeV the predicted event rate is only
logarithmically dependent upon E_, The predicted rate is slightly higher
than in the case that Ec > 1ouTeV because the cross section for vu+N+u+x

is still rising linearly with energy at 10 TeV, whereas at energies

> 100 TeV it rises only logarthmically.

{d) Summary

To summarize, based upon two simple models(15'37) "where the high
energy gamma rays from Cygnus X*3 are produced by a beam of energetic
protons interacting with the envelope of the companion star, we have
calculated the expected neutrino flux, normalized to the photon flux.
Up to an energy where the pions and kaons whose decays produce the bulk
of the neutrinos interact before they have time to decay, the neutrino
flux is comparable to the photon flux, At higher energies the neutrino
flux 1is primarily due to charm and heavy flavor decays and the flux is
down from that of the photons by a factor of about 100-1000. The source
neutrino flux is modulated by absorption of neutrinos by the companion
star, resulting in the energy dependent neutrinoc light curves shown {n
Fig. 5. Normalizing the predicted neutrino flux to the observed gamma
ray flux results in a predicted muon event rate which night be

detectable in a large, underground detector like IMB. The predicted
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contained event rate is about a 1000 times smaller. Most of the muon
events are rdue to neutrinos of energy of 3-100 TeV and so should be
heavy track. The predicted event rate could be significantly larger if
the photon duty cycle i3 less than 5% or 1f there Is significant
absorption of UHE Y-rays within the system.

If the spectrum of neutrinos is not « E2:1 as the present UHE
Y~ray data suggests, and 1s steeper than E”3. then the number of
contained and muon events will be comparable and dominated by GeV
neutrinosf However, unless the flux of GeV neutrinos is many
orders~ofrmagnitude greater than that of photons, the neutrinos will not
be detectable in large proton decay detectors.

Finally, we shcould mention that if other very robust binary Xeray
sources such as Vela er, LMC X~4, and Her x-j are also potent sources
of UHE.Y#rays,(38) then they should produce high energy neutrinos in a
similar fashionf In particular, recent cobservations of the UHE Yﬁréj
spectrum of Vela X—1(39) and TeV ¥Y~rays from Her XP1(u°) indicate fluxes
which are comparable to that of Cyg X~3, suggesting that Vela X*1 and
Her X~1 should produce comparable fluxes of high energy neutrinos. Ir
it 1s possible to detect neutrinocs from systems like Cyg X3, the
neutrino 'light curve' can be used to infer the core density of the
companion and Ec can be used to determine the density of the stellar
envelope. Probing a system with a many TeV neutrino beam of luminosity

1038 1

erg sec’_ offers a multitude of new possibilities.
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TABLE AND FIGURE CAPTIONS

Table I: A compilation of I''s for (EO' E,) = (1,70)EeV (increasing Ej to
10EeV decreases the bright phase rates by -103, but has little effect on

the minimum rates). We list the minimum rate, Rh/RL (~20) times the

minimum rate, and R,/R, times the bright phase for z=2,4, and 7.

Minimum (xR./R ) Bright Phase (z=2,4,7)

-5 -y -1 =4, =2, 0 .1

T own (DUMAND) 10 °(2x10 7) yr 2x10 » Y oyp”
Fyp(Fly's Eye) 1078(2x10"3) yr*! 2x1072+ “3¢ 71y

Figure (1): The superposition of evolved E“e'5 extragalactic spectra and
an E~39 1ocal spectrum for 6 and 48 interaction lengths. Solid curves
are fit to low energy (<1019eV) data while the dashed curve is a 6 IL
fit to the peak at 5 x io?gev;.The dotted -curve assugies a local -EP3
component due to the superposition of large z sources. The Fly's Eye

data is shown with error barsa.

Figure (2): Bright phase differential neutrino spectra normalized so

that §_(E) = 1 at 10’ TeV.

Figure (3): ~ A schematic diagram of the Cyg X-3 system. The dashed
cirele shows the atmosphere, v is the distance between the pulsar and
the surface of the companion star, ¢ is the phase angle, and 8 s the
angle between the linewofksight and the 1line which connects the
intersection of the linerof~sight with the star and the center of the
star. We have omitted the shroud from this diagram and have assumed

that the line~of*sight lies in the orbital plans.
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Figure (4): = The neutrino cuteff energy Ecutoff' determined by

IH(X)G(Ecutoff)dx - 1, as a function of & (see Fig. 1), computed for a

4 Ma start

Figure (5): = The neutrino 'light curve' for different neutrino
energies. In constructing the 'light curve' we have assumed that i ¥
90¢ and y/R! so that 8 ® ¢ {(see Fig. 1 and footnote 11). Since the
muon events in an underground detector are primarily due to neutrinos of
energy of order 10 TeV, that 1is the 'light curve' which would be

observed.

Figure {6) - Schematic diagram of the detector. The distance below the
surface s d, the zenith angle of Cyg X-3 i3 Y, and the distance to the

surface at zenith angle Y is x.

Figure (7): ~ The approximate background atmospheric muon rate [see
Eq. (3.11)]} as a function of d3/cos Y & Xq F x/3 km. The scales on the
top and right hand side are those appropriate for a detecter at a depth

d = 1500 m.w.e. with cross section of Hx106 cm®.
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